The equivalence of the two approaches was assessed, anything less than an order of magnitude could be considered reasonable and within 3-fold (equivalent to half a log) as good. Adult dietary exposure estimates derived from the DD study for both average and high level (97.5th percentile) consumers compared well with those from the TDS. Estimates from the DD study when compared with those from the TDS were within 10% for P97.5 for total PCDD/F/PCB with divergence increasing to a factor of 3.4 for average BDE-209. Most estimates derived from the TDS were slightly higher than those derived from the DD.
Introduction
Chlorinated dioxins and furans (PCDD/Fs) and polychlorinated biphenyls (PCBs) are recognised persistent environmental contaminants that have been regulated within the EU since 2002 (Council Regulation 2375 . These regulations were introduced following the 'Belgian dioxins crisis' in 1999 when PCDD/Fs and PCBs were introduced into the food chain via PCB contaminated animal feed. This resulted in high levels of PCDD/Fs and PCBs in meat products and eggs from Belgian, French and Dutch farms (Bernard et al. 1999) where the feed had been used, and in foods that used products from these sources as ingredients. Polybrominated biphenyl (PBB) flame retardants are similar to PCBs in structure, manufacture, contamination pathways and toxicological impact on human health, and have some similarities in their use. The use of PBBs as textile flame retardants was phased out from the 1970s onwards and they have not been used or manufactured in the EU since 1996 (D' Silva et al. 2004) . PCDD/Fs and dioxin-like compounds bind to the Ah receptor and are widely understood to cause damage to the immune system, to affect the endocrine system, to give rise to reproductive and developmental problems, and may cause cancer (EFSA 2012) .
Polybrominated diphenyl ethers (PBDEs) are a class of flame retardant that have been used to meet fire safety regulations for fabrics, furnishings, electronics and vehicles since the 1970s, when they were first used as a replacement for PBBs. During the use and lifetime of a product containing PBDEs, they can be released into indoor air and dusts (Sjödin et al. 2003) and into the wider environment where they are now ubiquitous (Harrad et al. 2010) . PBDEs are persistent, undergo long range transportation and are found throughout environments and food chains across the globe (Harrad and Diamond 2006) . Two commercial PBDE products, Penta-BDE and Octa-BDE, were added to the Stockholm Convention's list of POPs for elimination in 2009 (Stockholm Convention on POPs, 2009).
Governments and international organisations monitor chemicals in food to evaluate dietary exposures and to protect consumers by ensuring that products entering the food chain are compliant with any applicable regulatory limits (Rose 2015) . Total Diet studies (TDS) can provide initial exposure estimates for food constituents, such as contaminants, which act as a baseline for any future measures aimed at reducing exposure at the population level.
TDS allow exposure time trends to be monitored and in some cases can be used to determine the effectiveness of regulatory controls for different food types e.g. to assess the impact of pollution control measures on levels of PCDD/Fs in food. An overview of population and population subgroups' exposures to contaminants can be gained using TDS data in which samples of a wide variety of food and beverage types are selected from various retailers across the target area ).
Items are purchased, prepared as if for consumption and combined into groups of similar foods for analysis , Rose 2015 . The food group contaminant concentrations are combined with dietary consumption data to estimate exposure. There are limited historic examples of TDS across the globe, although the approach is gaining popularity. The long term use of TDS in the UK provides a valuable historic perspective.
Duplicate diet (DD) or duplicate portion studies are useful to provide realistic estimates of an individual's dietary intake over defined periods. Participants collect a duplicate of the food (and sometimes drink) that they consume throughout the defined period, providing a snapshot of their daily diet. The food collected is used to form a composite sample that can be used for analysis. A high degree of cooperation is required from participants. Although the overall composition of the samples will be known, duplicate diets do not attribute exposures to different food groups. Duplicate diet contents may be influenced by the individual's preferences during the period of collection and subject to anomalies arising where the participant consumes food that is not a regular part of their normal diet.
Effects of local contamination and geology or food habits may be noticeable.
The aims of this study were: (i) to investigate dietary exposure to PCDD/F, PCB, PBDD/F, PBB and PBDE for a group of volunteers in the North East of England; (ii) to compare the resulting estimates with those made using the UK Food Standard Agency (FSA) TDS 2012 (Fernandes et al. 2012 , Mortimer 2013 ) and (iii) to consider risk to human health as a result of the estimated dietary exposures.
Materials and Methods

Sample collection
Total Diet Study (TDS)
The TDS was carried out on foods that represent the average UK diet as estimated by the UK's Department of Environment, Food and Rural Affairs (Defra) Expenditure and Food Survey (2011) and trade statistics. Between 1 November 2011 and 31 March 2012, a total of 986 retail food samples were purchased from a range of national supermarkets (50%), symbol retailers (independent retailers that are members of a larger organisation e.g. Spar) (25%) and independent retailers (25%) in twelve locations around the UK. These samples were split into 20 representative food groups (see Table 1 ) and each food group analysed for a range of contaminants (Henderson et al. 2002) . All food groups were analysed except for beverages, which have negligible fat content and therefore have low importance for lipophilic POPs. A wider range of samples was obtained for the animal product food groups, because these are more important sources of POPs in the diet (Fernandes et al. 2012) . Table 1 shows the sample numbers for each group. Each individual sample was prepared as though for consumption, using a variety of methods of cooking where appropriate. Samples were homogenized, put into their respective food groups in relative quantities, as determined by national consumption data (PHE 2014) , and thoroughly re-homogenized. Aliquots were freeze dried prior to analysis. For intake estimations, total consumption for each food group was derived from four day food diaries kept by approximately 500 adult participants (78% aged 19-64 years and 22% aged ≥ 65 years) in the Department of Health's National Diet and Nutrition Survey 2011 (PHE 2014 .
Duplicate Diet (DD) Study
24 hour DD samples were collected by 20 volunteers (10 males and 10 females, aged 26-43 years, weight range 62-101 kg) living in the North East of England as part of a wider indepth study into potential human exposure sources and uptake of PBDE and emerging brominated contaminants from food and indoor dusts (Bramwell et al. 2014) . The wider study matched serum and human milk samples with the 24 hour DD samples as well as samples of dust from the volunteers' indoor environments. Two of the volunteer couples subsequently repeated the study providing some validation for the method. The study aimed to recruit individuals with a range of diets to potentially reflect low, medium and high levels of exposure to PBDEs, by selecting participants who were oily fish eaters and vegetarians, and those with possible occupational exposure. A short pre-screening questionnaire identified volunteers who would provide a divergent range of exposures. One of the female participants was a vegetarian, one had a strong dairy intolerance, one was nursing an infant with a dairy intolerance, two participants ate mainly organic food, and one participant did not eat beef.
The DD samples were collected between 1 April 2011 and 28 February 2012.
Whatever food was eaten by volunteers throughout the day, an equal amount was placed into a contaminant free (this was verified by tests carried out prior to sampling) lidded polypropylene container. Water and water based drinks were not included. For teas and coffees, the equivalent portion of milk was added. Samples were collected at the end of the day, homogenized immediately and stored frozen in chemically clean (dichloromethane rinsed) glass jars until analysis.
Volunteers gave written informed consent prior to participation. Ethical approval for 
Laboratory Analysis
Laboratory analysis for both the DD and TDS samples was undertaken by the Food and Environment Research Agency (Fera), Sand Hutton, York, UK, and details of the methods used for sample preparation, extraction, clean up and analysis of PBDEs, PBBs and PBDD/Fs by high resolution gas chromatography -high resolution mass spectroscopy analysis are described elsewhere (Fernandes et al. 2008 . Methods for the analysis of PCDD/Fs and PCBs have also been previously reported . The performance characteristics of the methodology, including quality assurance parameters such as limits of detection (LODs), precision, linear range of measurement, recoveries etc. are included in the previous reports (Fernandes et al. 2008 . Further confidence in the data is provided by regular and successful participation in laboratory proficiency testing and inter-comparison schemes such as POPs in Food 2011 (Bruun Bremnes et al. 2012 ).
The following congeners were measured in both TDS and DD samples: the seventeen 2,3,7,8-Cl substituted PCDD/Fs; dioxin-like (i.e. non-ortho substituted and mono-ortho) PCBs with IUPAC (Favre and Powell 2013) numbers 77, 81, 105, 114, 118, 123, 126, 156, 157, 167, 169 , and 189; non dioxin-like (i.e. ortho substituted) PCBs with IUPAC numbers 18, 28, 31, 47, 49, 51, 52, 99, 101, 128, 138, 153, 180; ten tetra-to hepta-, 2,3,7,8 28, 47, 49, 66, 71, 77, 85, 99, 100, 119, 126, 138, 153, 154, 183 
Data treatment and statistics
Dietary exposure assessments for the TDS were carried out using the Intake 2 Programme, PCBs) (Webster et al. 2013 ) and the sum of these is presented here.
Lower bound (LB) results assume values at less than the limit of detection (<LOD)
are zero whereas upper bound (UB) results assume values <LOD are equal to the LOD. 
Results
POPs concentrations in food samples
Detailed results from the 2012 TDS for PCDD/Fs, PBDD/Fs, PCBs, PBBs and PBDEs are provided in Fernandes et al. (2012) and summarised in Table 1 Table 2 .
PCDD/F and PCB measurements
The TDS food group 'fish and seafood' demonstrated the highest lw levels of all PCDD/F and PCB groups and also the highest ww levels except for sum PCDD/F and sum non-dioxinlike PCBs where the 'offal' and 'fats and oils' groups respectively demonstrated the highest ww concentrations. Comparison of LB sum of PCDD/Fs, PBDD/Fs and dioxin-like compounds measured indicated that the chlorinated analogues were more abundant than the brominated analogues in the higher lipid content food groups containing meats, fish, dairy, eggs and oils (see Table 1 ). PCDD/Fs were measureable in all DD and TDS samples. The most abundant PCDD/F was OCDD although, due to the low TEF, this was not as important in terms of contribution to the TEQ. The most abundant non-dioxin-like PCB in the DD and 
PBDD/F and PBB measurements
LB sum PBDD/Fs concentrations in lower lipid content TDS food groups including 'bread', 'cereal', 'potatoes' and 'fresh fruit' were higher than concentrations in their chlorinated analogues (see Table 1 ). The PBDD/F analysis comprised only 12 congeners, including 2 trisubstituted PBDD/Fs, due to the availability of reference standards. Measuring fewer brominated than chlorinated congeners may influence the relative sum pg WHO-2005 TEQ kg -1 ww reported, though the PBDD/Fs measured were mainly those with the higher TEFs.
The most abundant PBDD/F in the DD samples was 1,2,3,4,6,7,8-HeptabromoBDF, measured above the LOD in all but one of the DD samples (median 2,400, range 810 -39,000 pg kg -1 lw; median 126, range 51-680 pg kg -1 ww). These concentrations were higher than those for OCDD, the most abundant PCDD/F in the DD samples. 1,2,3,4,7,8-HexaBDF was the next most abundant PBDD/F though at concentrations over 10 times less.
Non-ortho substituted PBBs -77, -126 and -169 and the deca BB-209 were the only PBB congeners measured in the DD samples. These were all below the LOD (average <2.7 pg kg -1 lw) except for BB-209, which was detected in only 15% of samples. Concentrations and detection rates for PBBs were low and measurable in a only a few of the TDS food groups.
Ortho-PBBs -15, -49, -52, -80, -101 and -153 were analysed in the TDS samples only. The TDS food group 'fish and seafood' demonstrated some low but measureable concentrations.
BB-153 was identifiable in the 'milk and dairy', 'poultry', 'meat products' and 'carcass meat' groups. PBBs would not be expected to be found in UK diet samples as evidence indicates
European environmental background levels to be low (EFSA 2010).
PBDE measurements
The food groups 'sugar and preserves', and then 'fish and seafood' demonstrated the highest lipid weight sum PBDE concentrations. An atypically high sum PBDE concentration in an individual sample in the composite 'sugar and preserves' group is the most likely explanation for the groups raised sum PBDE result. The raised PBDEs in the 'sugar and preserves' group BDEs 47, 99, 100 and 153 were quantified in all DD samples and BDE-209 in 90%. The highest TDS ww concentrations for were in the 'fish and seafood', 'fats and oils' and 'sugar and preserves' groups respectively.
Dietary exposure estimates for contaminants
TDS exposure estimates for the dioxin-like POP groups and individual PBDE congeners are summarised in Mortimer et al. (2013) and presented here in Table 1 . A summary of daily adult dietary exposures estimated by the 24 hour DD method is provided in Table 2 . Results for PBDD/Fs and PBDE congeners are included only where they were measured above the LOD in 50% or more of the samples. Dietary exposure estimates to PBB are not included in Table 2 due to their low detection rate in the DD samples (max 15% for PBB-209). DD participants had average body mass 77 and 80 kg for females and males respectively, with an average daily food intake of 1.12 kg. Individual participants' body mass measurements and mass of individual DD samples are provided in the Supplementary
Information Table 1 . Details of the DD matched internal exposure/body burden data (serum and human milk) are reported elsewhere (Bramwell et al. 2014 ) and matched dust data will be reported subsequently.
Adult dietary exposure estimates for average and high level (P97.5) consumers as determined by the TDS and DD studies are presented together in Table 3 for comparison.
Ratios of average and P97.5 adult exposure estimates for TDS/DD are also provided in Table   3 .
PCDD/F and PCB exposure estimates
Agreement between TDS and DD estimates are good when considering the DD group was much narrower than the adult range used to estimate for TDS. 
PBDE exposure estimates
The average adult dietary exposure to sum PBDE (for all congeners measured except BDE-209) was estimated to be 290 pg kg -1 bw d -1 using the data from the DD study and the P97.5 was estimated to be 650 pg kg -1 bw d -1 . BDE-209 was detected above the LOD in 90% of the DD samples, with average daily exposure estimated to be 750 pg kg -1 bw d -1 and over three times more when using data from the TDS study (2600 pg kg -1 bw d -1 ). This difference probably reflects the large variation in PBDE concentrations in individual samples for the same food types. Where BDE-209 was detected in DD samples it made up a median of 73% of sum PBDE exposure. Excluding BDE-209, BDE 99 and BDE 47 accounted for just over a third of the total for all congeners measured, at 37% and 36% respectively, followed by BDE-153 (8%), BDE-100 (6%), and BDE-183 (4% Food groups having the greatest contribution to PCDD/F and PCB dietary intake such as 'fish and seafood', 'meat' and 'milk and dairy' generally had either no or low difference between UB and LB sum values, the greatest difference being 7% for poultry, well within the ranged from 7% to 100% with median 36% and average 44%, consistent with the greater number of congener measurements below the LOD. UB and LB sum PBDE concentrations were calculated for the duplicate diet samples. Differences of 6% and 1% were observed using sum average PBDE concentrations and sum P97.5 PBDE concentrations respectively. While the relative abundance of some individual PBDEs varied between diet types, e.g. BDE-47,-49, -100 and -153 were higher in the DDs containing fish, BDE-209 concentrations were consistent across DD types (lactose free/ vegetarian/ omnivore/ high meat/ high fish). We hypothesise that this indicates BDE-209 contamination may be getting into the food subsequent to the primary production stage when most contamination is assumed to occur, e.g. from food packaging, processing/preparation, contamination with airborne dust particles or dust via dermal contact.
Discussion
Evaluation and comparison of methods
Temporal trends
Concentrations of PCDD/F, PCB and PBB in our food supply have declined over the last decade (EFSA 2010 , EFSA 2012 . The reduction in dietary exposures to PCDD/F and PCB is illustrated in Figure 1 with data from this study and other TDS and DD studies from across No temporal influence on exposure estimates would be expected to be measurable between the DD and TDS samples as they were collected in 2011 and 2012 respectively.
Comparison of two DD carried out in near identical conditions at different periods would be required to investigate such effects.
Risk characterisation
PCDD/F/PCBs and PBDD/F/PBBs
Estimated dietary exposure to PCDD/Fs, PBDD/Fs and dioxin-like compounds for both TDS and DD sample sets for this study, calculated on an UB basis, were within current 
Non dioxin-like PCBs and PBBs
For non-dioxin-like PCBs, EFSA were unable to derive any health-based guidance values (EFSA 2005) . Their recommendation was that dietary exposure should be reduced and data from projects such as this provide a means to determine whether this is being achieved.
To determine the potential for health effects from dietary exposure to sum orthoPBBs, EFSA use a worst case no-observed-effect level (NOEL) of 0.15 mg kg -1 bw for hepatocarcinogenesis in rats (EFSA 2011) . This is six orders of magnitude above the maximum sum ortho PBB exposure determined by the DD study indicating no health concerns. BB-77 was the only non-ortho PBB detected above LOD in DDs for this study (20% detection rate).
PBDEs
No health concerns are expected from the levels of PBDEs measured in these adult DD and TDS studies as all had MOEs over 2.5 (EFSA 2011). BDE-99 exposures demonstrated the lowest MOEs; 16 and 17 for high UB dietary intake for DD and TDS. EFSA derived an MOE of 3.9 for adults for BDE-99 when reviewing the EU evidence (EFSA 2011). BDE-209 demonstrated the greatest MOE for dietary exposure, 2,260,000 and 664,000 for average UB dietary intake by DD and TDS respectively. These reported MOEs are for adults only, EFSA noted concern about exposure of young children (age 1-3 years) for whom EFSA derived
MOEs of 1.4 and 0.7 for dietary exposure to BDE-99 for average and high consumption respectively (EFSA 2011). It should be also be observed that PBDE intake is not exclusively from the diet and inhalation of PBDEs in indoor dust and air, most notably for BDE-209, will add to total human exposure (Bramwell et al. 2016 , EFSA 2011 . For adults ingesting 50 mg dust per day this additional BDE-209 source is estimated to be in the range 0.045 to 7 ng kg -1 bw day -1 (EFSA 2011 , Fromme et al. 2009 ). Dust intake is greater for young children and their additional BDE-209 intake from dust estimated to be 0.5-80 ng kg -1 bw day -1 (Bramwell et al. 2016 , EFSA 2011 provided information on the relative levels of contamination in different food groups. When used with food consumption information, the TDS can be used to provide dietary exposure estimates for a range of age groups and eating behaviours making it a more versatile data set. This is particularly useful for establishing baseline levels of population exposure to new contaminants or monitoring temporal changes. By comparing estimates using the two contrasting approaches, both receive an element of cross-validation. There is no doubt that the DD method is suitable for estimating an individual's dietary intake for the period of the diet collection. It is reassuring to know that the UK National estimate can reasonably reflect individuals' dietary exposure.
